We report on a simple, highly sensitive interferometric vibration sensor that operates in reflection mode, which is suitable to monitor low frequencies with low amplitudes. The sensor was fabricated with a short segment of three strongly coupled core optical fiber. The device was protected with capillary tubes and it was placed in cantilever position. The sensor exploits the ultrahigh sensitivity of supermodes to small bending.
Introduction
When a building or machine is under the effect of a time-varying load or velocity, it undergoes vibrations. Depending on the amplitude and frequency of the vibrations, they can cause severe damage to the building or machine. Therefore, the testing or analysis of vibrations is important in a number of situations and environments. To do so, robust and sensitive vibrations sensors are required. Although there exist a number of vibrations sensors, those based on optical fibers have attracted attention due to their inherent advantages (small dimensions, immunity to electromagnetic interference, etc.). Nowadays, different models of fiber optic vibrations sensors are commercially available.
Optical fibers are not sensitive to vibrations; therefore, to devise a fiber optic vibration sensor an intermediate mechanism is required. A common approach consists of inducing strain to a segment of an optical fiber. It can be accomplished in different ways, for example, by gluing a segment of optical fiber on a metallic cantilever beam [1, 2] , or by attaching a seismic mass that weights a few grams to a pre-strained optical fiber [3] . Recent approaches includes elaborated mechanical systems that strain efficiently the optical fiber [4] . In the aforementioned configurations, vibrations are converted in periodic strain to the optical fiber. Strain can be monitored with high precision with Bragg gratings [1] [2] [3] [4] . As a result, highly sensitive vibrations sensors can be devised. The main disadvantage of the referred vibration sensors is their large dimensions or their high cost.
Here, we demonstrate a compact and ultrasensitive vibration sensor based on an asymmetric multi-core optical fiber (MCF). The MCF consists of three strongly coupled cores arranged in an equilateral triangle; see Fig. 1(a) . To fabricate a vibration sensor, we fusion spliced a short segment of our MCF to a standard single mode fiber (SMF). The other extreme of the MCF was cleaved, thus it functioned as a low reflectivity mirror. The segment of MCF was protected with a thick capillary tube and it was placed in cantilever position. A 0.03 g seismic mass was attached at the end of the cantilever to make the device sensitive to low frequencies. In our device, two supermodes are excited which interfere in a predictable manner. The supermodes are highly sensitive to bending [5, 6] . Thus, when our device is under vibrations, the reflected spectrum oscillates periodically. By adjusting the length of the cantilever, the operating frequency range of the sensor can be adjusted. The sensor sensitivity can be optimized with the geometry of the MCF.
Sensor design, fabrication, and results
The cross section of the MCF used to devise our vibration sensor is shown in Fig. 1(a) . The diameter of each core of the fiber is 9 μm, the separation between the cores is 11 μm, and the MCF diameter is ~123 μm. It can be noted that one of the cores is located in the geometrical center of the fiber. The numerical aperture of our MCF is 0.14 to match that of an SMF. The fabrication of our device involves well established cleaving and fusion splicing processes. After the fusion process, the central core of the MCF and the core of the SMF are aligned. The final architecture of our device is shown in Fig. 1(b) . In our case, the length of MCF was 16±0.1 mm.
The MCF shown in Fig. 1 (a) supports three supermodes [5] , however, due to the axial symmetry of the SMF-MCF connection only two supermodes are excited and guided in the MCF segment. Figure 1(c) shows the profiles of the two excited supermodes. The simulations were carried out with the finite difference method using commercial simulations software (FimmWave by Photon Design). The wavelength considered in the simulations was 1550 nm. It can be noted that the central core of the MCF has non zero intensity. The light propagation in the SMF-MCF segment is shown in Fig. 1(d) . From such a figure, we can see that the power distribution in the MCF cores changes periodically. The coupling length was found to be ~1600 m.
In a previous publication, we demonstrated that the SMF-MCF structure shown in Fig. 1(b) is highly sensitive to bending, but the sensitivity depends on the orientation of the MCF cores [5] . Thus, we exploited such high sensitivity to sense vibrations. The mass of the MCF is low due to its small diameter and short length. Thus, to make the device ultrasensitive to low frequencies, the MCF was protected with a capillary tube with inner/outer diameter of 150/360 m; it was then placed in cantilever position; see Fig. 2(a) . The clamping point was located at the SMF-MCF junction. To tune the resonance frequency, we attached an ultralight weight mass (0.03 g) at the extreme of the cantilever. Such a mass is 100 times lower than that used in vibrations sensors based on Bragg gratings [3] . To test the device, we used the set up and components shown in Fig. 2(a) . A shaker driven by a function generator was used as a calibrated vibration source. An electronic accelerometer was used a reference. The orientation of the cores of the MCF was carried out with a fiber optic rotator. The final core orientation was as shown in the micrograph of Fig. 1(a) . This means, the based on the triangle that the cores form was facing up and perpendicular to the base of the shaker.
The structure shown in Fig. 1(b) is a supermode interferometer whose workin mechanism was been described previously [5, 6] . Thus, by launching light from a broadband source to the structure, and by analyzing the reflected light with a spectrometer, a series of maxima and minima can be expected. The interference pattern results from the periodic coupling of the reflected power back into the SMF core. The reflected spectrum of a sample fabricated with 16 mm of MCF is shown in Fig. 2(b) . Due to the short length of MCF, only a maximum (denoted by m) and a minimum were observed. The shape of the reflected spectrum is due to the Gaussian-like emission of the light source used to excite the supermodes (a superluminescent diode).
The first experiment we carried out consisted in making the cantilever to vibrate freely. This was accomplished by knocking the table in a point close to the shaker. The results are shown in Fig. 2(c) . Note that the position of m changes periodically around a central wavelength. This simple experiment allowed us to determine the resonance frequency of the device, which in our case was 41 Hz. The subsequent experiments consisted in making the device to vibrate at specific frequencies. The position of m as a function of time when the shaker was vibrating at 41 Hz is shown in Fig. 2(d) . The driving voltage was only 10 mV peak to peak. Note In vibration testing or analysis, it is important to determine the frequency and amplitude of the oscillation. With the device presented here, the frequency and amplitude of the vibrations was calculated by means of the fast Fourier transform (FFT) of the m vs time graph, see Fig. 2(d) . In the Fourier domain, usually a single peak is observed. The position of such peak gives information of the frequency while the height of the peak is related with the amplitude of the oscillation. Figure 3(a) shows the FFT as a function of the input frequency. For all frequencies, the driving voltage was 10 mV peak to peak. The highest peak of Fig. 3 (a) appears at 41 Hz (the resonance frequency) due to the large bending of the cantilever at such frequency. The measured frequency as a function of the input frequency in the 5-100 Hz range is shown in the inset graph of Fig. 3(a) .
We also investigated the response of our sensor to different vibration amplitudes. To do so, we made the shaker to vibrate at 13 Hz, i.e., a frequency outside resonance, and changed the driving voltages applied to the shaker. The observed FFT amplitudes are shown in Fig. 3(b) . The calibration curve is shown in the inset of Fig.  3(a) . It can be noted that the amplitude of the FFT increases linearly with the driving voltage, this suggests that the amplitude of the FFT increases linearly with the amplitude of the oscillations. Therefore, it is demonstrated that our device can be used to measure the frequency and amplitude of the vibrations.
Conclusions
We have proposed and demonstrated a simple, compact, and highly sensitive vibration sensor based on a specially designed multicore optical fiber. Such fiber consists of three strongly coupled cores arranged in an equilateral triangle. The multicore fiber was protected with capillary tubes and it was placed in cantilever position. An ultralow weight seismic mass was attached at the end of the cantilever. We have shown that our devices can be used to monitor or detect low frequencies with low amplitudes. Thus, we believe that with an optimization, the device proposed here can be tailored to monitor or detect microseisms. The effect of the orientation and distribution of the cores, the length of the MCF segment, or the weight of the seismic mass on the sensors performance are being investigated. The results will be presented at the conference. In all cases a 16 mm-long MCF interferometer was used.
